Construction and preliminary characterization of open tubular capillary column ion chromatography is described. Increasing the column temperature resulted in a dramatic increase of the column efficiency. Two different kinds of columns were developed and investigated for capillary ion chromatography. One was a 50µm i.d. fused silica capillary tubing, and another was a 50µm i.d. silica capillary coated with Latex particles (diameter: about 360nm). Both columns showed good separations of inorganic anions, although the capillary coated with Latex particles showed much larger retention than a bare silica capillary.
Ion chromatography (IC) was first introduced in 1975 by Small, Stevens, and Baumannl as a new analytical method. Within a short period of time, ion chromatography was developed from a new detection scheme for a few selected inorganic anions and cation to a versatile analytical technique for ionic species in general.
However, the separation efficiency of IC is lower than that of high performance liquid chromatography (HPLC). This is because the kinetics of ion exchange processes are often slow. One of the goals of this study is to develope the best means of achieving high separation efficiencies in IC. For a even stationary phase, there are two general ways _ to improve the column efficiency per unit length in liquid chromatography; one is to use a smaller diameter column and the other is to increase the column temperature.
There is now a great deal of interest in the use of small bore columns to im?rove column efficiency in LC. Both experimental and theoretical studies3 demonstrate it is possible to achieve very high plate efficiencies ( up to nearly 1Ob plates ) using small bore columns, either small bore packed columns, packed capillary columns, or open tubular capillary columns. Among these, open tubular columns offer several unique advantages such as high efficiency, high speed and excellent permeability.
Open tubular columns in LC (OTLC) were first investigated by Ishii, Tsuda, and coworkers following pioneering work by Nota, et. al.7. In theory, as shown by Knox and Gilbert$, the bores of such columns must be in the range of 10-30 µm if they are to compete with packed columns in terms of speed and performance generally.
However, others9' i o reported that the optimum internal diameters in open tubular capillary LC columns would be less than 10µm to realize acceptable analysis time and high resolution. Such small i.d. open tubular columns are, very difficult to work with, since their volumn is less than 1µL, which places extremely high demands on instrumentation, such as injection, pumping, connection and especially detection. On column electrochemical detectors have been used to obtain small detection volumes and fast resPonsell. Although the chief advanta es of 1-10 µ m i.d. columns have been demonstratedi .i3, practical problems mentioned above have limited the wide use of such a small i.d. columns. These practical problems arise because of the very low volumes of the eluted peaks which demand injection and detection systems which themselves produce exceedingly small extra-column band broadening. To date, these technical problems have limited OTLC to about 50µ m3'14 bore columns. Steenackers and Sandra14 reported that they could get a high efficiency separations for some polar solutes including proteins using 50µm i.d. open tubular columns.
The effect of high column temperature on separation efficiency has been investigated both experimently15"6 and theoretically17 by many authors. Diffusion coefficient (Dm) of the analyte in the mobile phase is increased with increasing temperature, and an increase in Dm improve the efficiency. It is reported18 that high temperature is beneficial for both packed column chromatography and OTLC. Liu The open tubular column ion chromatography instrument used in this study was constructed in our laboratory. A schematic of the instrument is shown in Fig. 1 . It consisted of a Shimazu GC-8A oven for the control of the column temperature, a Dionex 2000i pump, a Rheodyne Model 7000 injector (injection volume: 5µL), two split tees (Valco 1116 inches, 0.75mm bore), a UV or a conductivity detector, a 50µm i.d. capillary column (length: 3m or 6m) and a 20µm i.d. capillary restrictor (length: im).
Two splitters were used to provide a fairly low flow rate (usually about l µL/min) for 50µm i.d. open tubular capillary column. The first splitter in which a tube of 10 cm x 20µm i.d. fused silica capillary was used as the split tube, was placed between the pump and the preheating tube. The split ratio of the first splitter was about 1:10. The second splitter in which 1.3m x 75µm i.d. fused silica capillary was used as the split tube giving a split ratio about 60 was placed inside the oven.
To avoid the extra-column broadening due to a splitter, the column inlet was inserted into 20cm x 0.030 inches stainless steel tubing which connects between the injector and the second splitter. A preheating tube (50cm x 0.25 mm i.d. stainless steel tube) was used to preheat the eluent before column and placed between the first splitter and the injector inside the oven.
A variable wavelength absorbance detector, a Model CV4 (Isco, Inc, Lincoln, NE) was utilized to measure the absorbance at 210 nm. The detection was carried out by measuring the absorbance on the column at a position 15 cm from the end of the capillary tube. When the surfactants of bromide form were used as eluants, conductivity detection was employed. A conductance cell with narrow bore tubings developed in our laboratory20 was used with Dionex conductivity detector (CDM-I).
All separations were performed in fused silica capillary purchased from Polymicro Technologies (Phoenix, AZ) and which had the following dimensions: i.d. 50 µm and o.d. 360 µm.
To maximize the number of active surface silanol group on the inner wall of the fused silica capillary, 13 the rinsing procedure developed by Muller et. al. was employed with slight modifications. In brief, first, the 50µm i.d. fused silica capillaries were rinsed with a mixture of hydrofluoric and nitric acids (about 2.5%(v/v) and 2.5%(v/v) respectively) for 30 min afterwards with 1 %(w/v) hydrochloric acid for 30 min. As a final pretreatment step, the capillaries were rinsed with water to neutrality.
All reagents were of analytical grade and used without further purification. The surfactants, CTAC (cetyltrimethylammonium chloride), CTAB (cetyltrimethylammonium bromide), OTAB (octadecyl trimethylammonium bromide), tetrahexyl ammonium bromide, tetrabutyl ammonium bromide were obtained from Aldrich Chemical Co. (Milwaukee, WI). Cetyltrimethylammonium acetate was prepared in the laboratory by passing CTAC through the column of strong anion exchangers of acetate form. Standard solutions of inorganic anions were prepared by dissolving potassium salts with water.
As mentioned before, the open tubular capillary columns have quite small internal volumes, e.g., the column of 3m x 50µm i.d, has a volume of 6 µL. To use such columns in IC, the apparatus should be able to 21; (A) pumping the mobile phase at very low flow rates (B) load a small amount of sample (C) connect the capillaries so as not to cause additional band broadening and (D) use an appropriately small detection volume. Results and Discussion
Use of bare silica capillaries as a column Since there exist free silanol groups on the surface of inner wall of bare silica capillaries, it is possible to make a capillary inner wall modification by adding positively charged surfactants in the mobile phase. The negatively charged inner surface of a fused silica capillary can be coated dynamically with a layer of positively charged surfactants.
Several cationic surfactants such as CTAC (cetyltrimethylammonium chloride), CTAB (cetyltrimethylammonium bromide), OTAB (octadecyltrimethylammonium bromide), tetrahexyl ammonium bromide, tetrabutyl ammonium bromide, and cetyltrimethylammonium acetate were used for this study. It is clear that these cationic surfactants can adsorb to the surface silanol groups of bare silica . capillary, and this dynamic modifications of silica surface can provide a pseudostationary phase for anion separations. The effects of the surfactant modified silica capillary were evaluated by comparing the chromatographic behavior of several anions mixture. For example, when 1.8mM CTAC was used as a surfactant, and 3m x 50µm i.d. bare silica capillary was employed as a column, several inorganic ions such as iodate, nitrite, nitrate and iodide are well separated both at room temperature and at 100°C (Fig. 2) Adsorptions of different surfactants on the inner wall of silica capillaries change the retention behaviors of analyte ions. Retention data with different carbon chain size surfactants (RN) are shown in Table 1 . It is seen that as the length of carbon chains of R4N+ used increase, retentions of analyze anions increase. The data in Table 1 suggests to us that total carbon number of R IN+ is not an important parameter in retention behaviors of analyte anions, the length of the longest carbon chain in RN+ is important. The type of anions accompanying the RN+ salt could also influence retention of analyte anions. The effect of RN+ coanion is shown in Table 2 . It is seen that the effect of coanions in increasing the anlyte retention follows the order Acetate > Chloride > Bromide. These results agree with other results in the literature22,23. The effect of column temperature on efficiency in open tubular capillary column IC was investigated with 3m x 50µm i.d. fused silica capillary as a column ( Table 3 ). The mobile phase was 1.8mM CTAC in water. Flow rate was about 1 µL/min. From Table 3 , it is clearly observed that the column efficiency is greatly increased with increasing column temperature (see Fig. 3 ). In the case of nitrate, the efficiency at 100°C is about 4 times greater than at room temperature, although the capacity factor was decreased with increasing temperature ( Table 3 ). The diffusion coefficient of analyte in the mobile phase increase with increasing temperature, resulting in higher efficiency. It can be easily derived from Eqn (2) that for a given analyte, u opt is proportional to D m l d c and N is proportional to Dm . The d2.u c numbers of plates were increased dramatically with temperature ( Fig. 4) Use of a capillary coated with Latex particles as a column Table 1 Capacity factors of anions in the presence of 2mM tetraalkylammonium surfactants with different size of carbon chain length. Table 3 Effects of column temperature on capacity factors and plate numbers using a 3m x 50µm i.d. bare silica capillary as a column. Although a bare silica capillary as a column showed a good performance, the absolute retentions of analyte anions were rather small (Table 3) . To overcome these drawbacks, we made a new type of open tubular capillary columns for IC by use of latex particles. Latex particles were first introduced in 1975 by Small et. al. 24 . Latex particles used in the results described below were supplied by Dionex and have a very small diameter (about 375nm) and carry the actual anion exchange groups. These particles are agglomerated to the silanol groups on the inner surface of fused silica capillary by electrostatic interactions. Before the capillary was treated with a solution of the latex particles, the capillary was cleaned with several reagents to produce the maximum number of active surface silanol groups described in the experimental section. The coating procedure involved flushing the capillary with a solution of the latex particles. As expected, the capillary coated with latex particles showed much greater retention without sacrificing efficiencies both at room temperature and at high temperatures (see Table 4 ). Improvement of efficiencies with increasing temperature and the reduction of capacity factors with increasing temperature were observed also with these latex particles coated columns. Another interesting observation was the change in peak shape of the highly retained species at higher temperatures. Figure 4 shows the peak shape of iodide ion was improved at higher column temperatures. The decrease of retention at higher temperature has also been observed in other OTLC studies2. Exact performance of the latex coated capillaries not only depends on the latex but also on the capillary and can vary greatly from one batch to another. The advantages of the latex coated capillary over the bare silica capillary are the follows: (A) higher retention (B) higher capacity (C) compatibility can be used with suppressed conductometric detection. 
